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Hsiao, C. F., P. R. Trueblood, M. S. Levine, and S. H. Chan-motoneurons, much less is known about the factors that dler. Multiple effects of serotonin on membrane properties of tri-control the discharge patterns of TMNs during movement. geminal motoneurons in vitro. J. Neurophysiol. 77: 2910-2924, A complete understanding of the factors that control TMN 1997. Intracellular recordings from guinea pig trigeminal motoneu-discharge will require, at a minimum, a knowledge of the rons (TMNs) in brain stem slices were used to determine the properties and discharge characteristics of the inputs to these underlying ionic mechanisms responsible for our previously dem-motoneurons, as well as a detailed characterization of the onstrated enhancement of TMN excitability during jaw movements properties of the intrinsic membrane conductances TMNs by serotonin (5-HT). 5-HT (0.5-100 mM) depolarized motoneupossess and their potential for modulation. The electrical rons and increased input resistance in the majority of neurons tested. Additionally, 5-HT reduced the amplitude of the postspike properties and geometry of TMNs have been determined in medium-duration afterhyperpolarization, decreased the current detail and those studies have provided us with significant threshold for maintained spike discharge, and increased the maxi-information (Curtis and Appenteng 1993 ; Moore and Appenmum slope of the steady-state spike frequency-current relationship. teng 1991, among others). With respect to the location and Under voltage clamp, from holding potentials close to resting po-discharge characteristics of the inputs to the trigeminal motor tential, 5-HT produced an inward current and a decrease in instanta-nucleus, a number of studies has also provided valuable neous slope conductance, suggesting a reduction in a resting K / information (reviewed in  leak conductance (I leak ). The instantaneous current-voltage (I-V ) Lund 1991; . However, fewer relationship for the inward 5-HT current (I 5-HT ) was linear throughstudies have actually identified specific intrinsic membrane out most of the voltage range tested. However, the steady-state I-V relationship showed some degree of inward rectification at conductances TMNs possess, and their potential for neuropotentials starting around 070 mV. The mean reversal potential chemical modulation (Chandler and Trueblood 1995; Chan- for the instantaneous I 5-HT was 086.2 { 4.5 (SE) mV (n Å 9), dler et al. 1994; Hsaio and Chandler 1995 ; Kim and Chandler a value slightly negative to the predicted potassium equilibrium 1995). Information of this type is necessary to generate any potential of 082 mV in these neurons. In the presence of 2 mM comprehensive models of TMN discharge during various Ba 2/ , 5-HT application did not produce a further reduction in input types of oral-motor behaviors.
conductance, but did expose a Ba 2/ -insensitive residual inward
There is evidence that serotonergic systems are important independent and was blocked when the extracellular Na / was re-1993). Some serotonergic raphe cells have been shown to placed by choline, suggesting that the predominant charge carrier increase their discharge during oral-motor activity (Fornal for this residual current is Na / . 5-HT enhanced a hyperpolariza-et al. 1996; Veasey et al. 1995) . Furthermore, in the guinea tion-activated cationic current, I h . In the presence of Ba 2/ , the pig, iontophoretic application of serotonin (5-HT) or its agotime course of I 5-HT resembled that of I h and showed a similar nists onto individual motoneurons exhibiting rhythmic burst voltage dependence that was blocked by extracellular Cs / (1-3 mM). The effects of 5-HT on membrane potential, input resistance, discharge during cortically induced rhythmic jaw moveand I h were partially mimicked by 5-HT 2 agonists and suppressed ments (RJMs) potently facilitates their discharge over many by antagonists. It is concluded that 5-HT enhances TMN minutes . Clearly, a facilitory membrane excitability through modulation of multiple intrinsic role for serotonergic systems in control of TMNs has been membrane conductances. This provides for a mechanism(s) to fine established. However, the underlying ionic mechanism(s) tune the input-output discharge properties of these neurons, thus of the facilitation has only recently been addressed (Chanproviding them with greater flexibility in output in response to dler and Trueblood 1995; Trueblood et al. 1996) .
time-varying synaptic inputs during various movements of the jaw.
Indirect evidence obtained in TMNs from brain stem slices suggests that a reduction in a resting leakage K / conductance is the basis for 5-HT-induced increase in excitability (Chandler and Trueblood 1995) , similar to that shown for facial motoneurons and spinal motoneurons (Aghajanian and Trigeminal motoneurons (TMNs) are involved in produc Elliott and Wallis 1992 ; Larkman and tion of oral-motor behaviors such as mastication, swallowing, and suckling, among others. Compared with spinal Kelly 1992; Wang and Dun 1990; White and Fung 1989, advancing the electrode in 5-mm steps through the trigeminal motor among others). However, we have recently demonstrated nucleus. The recordings were performed in ''bridge'' mode (output that a prominent inward rectification mediated by a hyperpobandwidth: 10 kHz), discontinuous current-clamp mode (3-kHz larization-activated inward rectifier I h is present in TMNs filter), or single-electrode voltage-clamp mode (1-kHz filter). The . Therefore the possibility exists that sampling rate ranged between 5 and 10 kHz. During the discontinuunder the appropriate conditions 5-HT could enhance this ous recordings, the headstage voltage was continuously monitored current and contribute to membrane depolarization, similar to ensure complete settling of the voltage transients before the to results demonstrated recently in facial motoneurons sampled voltage measurements (Finkel and Redman 1985) . The (Larkman and Kelly 1992) and neonatal spinal motoneurons voltage-clamp data presented should be interpreted with caution (Takahashi and Berger 1990) . and treated as qualitative because the point clamp at the soma will not allow adequate space clamp in TMNs having extensive
In the present study we investigated, in vitro, the ionic processes basis for the previously demonstrated 5-HT-induced increase in excitability of TMNs at rest (Kurasawa et al. 1990 ) and during both reflex-induced (Ribeiro-do-Valle et al. 1991 
Slice preparation
tions were added directly to the perfusate. The new classification scheme for 5-HT receptors approved by the International Union of Transverse slices of brain stem containing the trigeminal motor Pharmacology (Hoyer et al. 1994 ) is used throughout the text. nucleus were obtained from male albino guinea pigs (150-250 g) To determine the effects of drug application on membrane prop-Ç20 days old as described previously ). erties during current-clamp experiments, the membrane potential Briefly, the guinea pigs were anesthetized with ketamine HCl (130 was adjusted back to the original control value by extrinsic current mg/kg im) after an initial dose of chlorpromazine HCL (12.5 mg/ application through the recording pipette. The estimated equilibkg im). The brain was removed and placed in cold modified artifi-rium potential for K / (E K / ) was calculated from the Nernst equacial cerebrospinal fluid (M-ACSF) containing sucrose iso-osmoti-tion to be 082 mV assuming internal K / concentration of 94 mM cally substituted for Na / , and was then sectioned coronally through (Jiang and Haddad 1991) and external K / concentration of 4.25 the trigeminal motor nucleus into 450-mm slices. Slices were then mM recorded at 34ЊC. In those experiments in which the effects transferred into a holding chamber at 32-34ЊC in M-ACSF for of 5-HT were examined on spike discharge, the region of maximum 20 min, followed by 50% M-ACSF and 50% normal artificial slope of the steady-state frequency-current ( f-I) relationship was cerebrospinal fluid (N-ACSF) for 20 min, and then placed in 100% determined by eye and then, on the basis of at least five consecutive N-ACSF for an additional 1 h of recovery before recording. points, the slope was calculated by linear regression. In all in-N-ACSF was composed of the following (in mM): 130 NaCl, stances, the maximal slope occurred within the first segment of the 3.0 KCl, 2.4 CaCl 2 , 1.3 MgSO 4 , 20 NaHCO 3 , 1.25 KH 2 PO 4 , and f-I relationship. 10 D-glucose, bubbled with 95% O 2 -5% CO 2 to maintain pH at Data were stored on a multichannel video cassette recorder (digi-7.35-7.4. M-ACSF consisted of the following (in mM): 5.0 KCl, tized at 44 kHz, A. R. Vetter, Rebersburg, PA) and PC microcom-0.2 CaCl 2 , 4 MgSO 4 , 20 NaHCO 3 , 1.25 KH 2 PO 4 , 10 D-glucose, puter with the use of pClamp (Axon Instruments), analyzed, and and 130 sucrose. The sucrose substitution method used was modi-displayed with the use of Sigmaplot (Jandel Scientific) and Corel fied from Aghajanian and Rasmussen (1989) and was found essen-Draw (Corel, Ontario, Canada) software. Statistical comparisons tial for long-term survival of TMNs in slices (Chandler et al. were made with the use of Student's paired and unpaired t-test. 1994). Slices were then transferred individually to the stage of a Data are reported as means { SE. modified Haas-type gas interface brain slice chamber (Haas et al. 1979) . The recording chamber was superfused at a rate of 2 ml/ min and kept at 32-34ЊC, with humidified 95% O 2 -5% CO 2 flowing R E S U L T S over it.
The effects of 5-HT were tested in a total of 136 TMNs from 126 animals. In those cells bathed in N-ACSF and Electrophysiological recordings recorded with electrodes filled with 3 M KCl (n Å 46), Intracellular recordings were obtained with the use of an Axo-resting membrane potentials were at least 055 mV clamp 2A (Axon Instruments, Burlingame, CA) with micropipettes ( 067.6 { 0.90 mV, mean { SE ) , input resistance ( R inp ) fabricated from conventional thin-wall glass (1. 5 mm OD, [15] [16] [17] [18] [19] [20] [determined by measuring the voltage deflection to a õ1-MV) pulled on a Brown-Flaming horizontal puller (Sutter Instru-nA current pulse delivered at resting potential or from ments, San Francisco, CA). Microelectrodes were filled with 2 the slope of the steady-state voltage-current (V -I ) plot Neurons were impaled by applying small-capacitance buzz and from resting potential to peak ) were ¢70 mV ( 94.9 { 0.18 mV ) . These values were similar to those previously of 10 mM 5-HT had effects on all of these action potential characteristics. In general, the effects of 5-HT on action reported . The lag time for 5-HT to get to the slice was Ç3 min. The effects of 5-HT generally potential characteristics evoked by a short 2-ms pulse were a mean 51% reduction in the mAHP peak amplitude in 10 occurred within 5 min of the start of application and peaked at Ç10 min.
of 13 neurons (3.4 { 0.4 to 1.7 { 0.4 mV, n Å 10, P õ 0.003; Fig. 2B ) and a 45% reduction in rheobasic current in 13 of 13 neurons tested (2.1 { 0.3 to 1.2 { 0.3 nA, n Å 13, Current-clamp experiments P°0.003). In contrast, there was no significant reduction in SUBTHRESHOLD MEMBRANE PROPERTIES. Bath application of either spike height or spike half-amplitude duration, sug-0.5-100 mM 5-HT produced a significant membrane depo-gesting that the reduction was a result of a reduction in larization (6.4 { 0.14 mV for all concentrations; P°0.01, the calcium-dependent K / current underlying the mAHP mean range 1.4-16.7 mV, n Å 43) and increase in R inp as opposed to a change in Ca 2/ influx during the action (mean increase for all concentrations: 2.9 { 0.34 MV; P°p otential. 0.01; mean range 0.59-6.32 MV) in 43 of 46 cells exam-
The effects of 5-HT on repetitive discharge in response ined. The half-maximal effective dose for these effects was to a constant current pulse were examined in 13 neurons estimated from the dose-response curve to be Ç14 mM (not and consisted of a 62 { 6.7% decrease in rheobasic current shown), with a peak response occurring at Ç50 mM. To for maintained minimum discharge (Fig. 2, C and D; limit the changes in holding current and input conductance 1.5 { 0.2 to 0.6 { 0.1 nA, P°0.003). This was exhibited occurring after 5-HT during voltage clamp experiments, all as a shift in the instantaneous and steady-state f-I relationsubsequent experiments were performed with the use of 10 ships to the left (Fig. 2 , E and F). Additionally, a 54% mM 5-HT. In a separate set of neurons tested (n Å 43), increase in the maximum slope (16.5 { 1.7 to 25.6 { 3.5 bath application of 10 mM 5-HT produced in all neurons a Hz/nA, P°0.002) of the steady-state relationship was obsignificant membrane depolarization ( Fig. 1A ; 7.1 { 0.05 served after 5-HT application. This is shown in Fig. 2F . mV from 067.6 { 0.9 mV, P°0.001; range 3-15 mV) and a 37% increase in R inp (11. (Fig. 1C) . These effects occurred A and B, shows an example of a family of current responses in the presence and absence of TTX (n Å 6), as well as in evoked by voltage steps from a holding potential of 061 low-Ca 2/ /Mn 2/ solutions containing a mixture of known mV. As shown previously ), these cells K / channel blockers (TEA and 4-AP, n Å 7). In 2 of the exhibited a time-dependent inwardly rectifying I h . In reoriginal 46 neurons tested, 5-HT produced a hyperpolariza-sponse to 5-HT a steady inward current was evident as a tion accompanied by an increase in R inp before membrane maintained inward shift in the holding current (Fig. 3 , A and depolarization, and in 1 neuron 5-HT produced a depolariza-B). Examination of the linear instantaneous current-voltage tion accompanied by a decrease in R inp . Because these effects (I-V ) relationship shows that 5-HT reduced the instantaoccurred in a small population of neurons, they were not neous conductance by Ç42.0% (149.9 { 18 to 85.3 { 7.9 investigated further. nS, P°0.0004, n Å 9). The reversal potential for this 5-The observation that 5-HT depolarized the majority of HT current (I 5-HT ) was obtained by determining the intersecTMNs and increased their R inp suggests that this could be tion of the linear regression lines for the instantaneous I-V the result of a reduction in a leak K / conductance. This is relationship before and during the peak of the 5-HT effects supported by the observation that the estimated mean rever- (Fig. 3C) . In nine cells examined, the reversal potential for sal potential for the 5-HT effects (E 5-HT ) determined from I 5-HT was 086.2 { 1.5 mV, which is close to the estimated the intersection of the extrapolated lines of regression from E K/ of 082 mV in TMNs. the slope of the linear region of the V -I plots was 093.8 { In contrast to the instantaneous I-V relationship, the 0.41 mV (n Å 17; Fig. 1C ), which is close to the estimated steady-state I-V relationship exhibited an inward rectification E K/ of 082 mV for the present experimental conditions (see at potentials more negative than 070 mV (Fig. 3D) . In all METHODS ). However, the fact that the estimated E 5-HT was cells tested (n Å 9), 5-HT application shifted the steadymore negative than E K/ suggests the possibility that an addi-state I-V relationship downward throughout the voltage tional cationic conductance with a reversal potential positive range examined and enhanced the region of inward rectificato resting potential was activated simultaneously in some tion. Figure 3E shows both the instantaneous and steadymotoneurons.
state I 5-HT obtained by subtraction of the curves (5-HT minus control) before and during the peak of the 5-HT effects. It ACTION POTENTIAL AND REPETITIVE FIRING CHARACTERISTICS.
In 13 neurons the effects of 5-HT were examined on single-is evident that the instantaneous I 5-HT was linear throughout most of the voltage range examined, whereas the steadyspike and repetitive discharge characteristics. Previously, we showed that in addition to a fast TEA-sensitive AHP state I 5-HT showed inward rectification at voltages more negative than 070 mV. These results suggest that the membrane ( fAHP), a slow-onset, apamin-sensitive AHP of medium duration (mAHP) is present in TMNs (Chandler et al. depolarization produced by 5-HT occurs through a reduction of a leakage K / conductance in conjunction with a simulta-1994). In many TMNs the fAHP and mAHP were separated by a depolarizing afterpotential ( tials negative to rest. To differentiate these effects, additional crease in size of the instantaneous current jumps (Fig. 4B) , experiments were performed. and a reduction in the slope of the instantaneous I-V relationship (Fig. 4C) . The mean reduction in instantaneous input conduc-
5-HT REDUCES A LEAKAGE K
/ CONDUCTANCE. To determine tance for all cells tested was 53% (144.6 { 8.1 to 67.9 { 8.4 whether the inward current and reduction in input conductance nS, n Å 4, P°0.005). As shown in Fig. 4C , the instantaneous in response to 5-HT occurred, in part, from a reduction in I-V relationship for this neuron was well fit by a linear regression a leakage K / conductance, the following experiments were line. The barium equilibrium potential as determined by the performed. Barium is known to block many types of K / conintersection of the regression lines before and during Ba 2/ appliductances including a resting leak K / conductance (Jones cation was 081 mV. For all neurons tested, the mean intersec-1989). We determined whether barium blocks a resting leak tion of the curves occurred at 082.0 { 2.0 mV, (n Å 4), which K / conductance in TMN by examining the instantaneous I-V again was equal to the estimated E K/ of 082 mV in TMNs. relationship before and during application of barium (100 mM- Figure 4D shows the voltage dependence of the instantaneous 2 mM). Figure 4 , A and B, shows a representative example of inward current produced by Ba 2/ (I Ba2/ ) (obtained by subtracthe effects of Ba 2/ on the current responses evoked by a family tion), which is remarkably similar to the instantaneous I-V relaof voltage steps from a holding potential of 061 mV. Generally, tionship for I 5-HT shown in Fig. 3E . These data indicate that Ba 2/ produced a steady inward shift in the holding current, and a reduction in the input conductance, as evidenced by the de-TMNs possess a barium-sensitive leak K / conductance. repetitive discharge evoked by 1-s constant current pulse before ( C ) and during ( D ) 5-HT application. E and F: frequency-current ( f-I) relationship for 1st interspike interval (ISI) and steady-state discharge before and during 5-HT application. Resting potential before 5-HT was 070 mV and membrane potential was adjusted to 070 mV by current injection after 5-HT application. Dotted lines: linear region of maximum slope estimated by eye. All data taken from same cell. mAHP, medium-duration afterhyperpolarization.
To determine whether 5-HT and Ba 2/ block the same relationship (Fig. 5B, ) , suggesting that the total I 5-HT obtained in normal Ringer solution is composed of barium-sensiresting K / conductance in TMNs, occlusion experiments were performed. Figure 5 shows an example of such an tive and -insensitive components. Figure 5C shows the Ba 2/ -insensitive I 5-HT component (छ) and the total I 5-HT (ࡗ). The experiment. In normal Ringer solution, the effects of 5-HT on the instantaneous I-V relationship demonstrated the usual Ba 2/ -insensitive I 5-HT was derived in the presence of Ba 2/ by subtraction of the current before 5-HT application (Fig. 5B , decrease in input conductance (Fig. 5A) . However, when the same cell was then bathed in a solution containing 2 ᮀ) from that obtained during the peak of the 5-HT effect (Fig.  5B, ) . The barium-sensitive I 5-HT component was derived by mM Ba 2/ , subsequent 5-HT application did not produce a further reduction in conductance (Fig. 5B ). The mean de-subtraction of the Ba 2/ -insensitive I 5-HT (Fig. 5C , छ) from the total I 5-HT (Fig. 5C, ࡗ) and is plotted in Fig. 5D . This current crease in conductance in response to 10 mM 5-HT in the presence of Ba 2/ for all neurons tested was Ç6% (38.8 { had similar properties to that shown for I Ba2/ ; a linear voltage dependence and a reversal potential close to E K/ . For all three 2.5 to 36.3 { 2.6 nS, n Å 3), compared with 34% cells examined in this way, the mean barium-sensitive E 5-HT (110.8 { 9.7 to 72.9 { 6.7 nS) in normal Ringer solution was found to be 081.7 { 0.9 mV (n Å 3), which is remarkably in response to 5-HT. Therefore these data show that Ba tance produced by 5-HT, it did not completely block the steady-In the presence of Ba 2/ , 5-HT produced a residual inward state inward current produced by 5-HT. This residual inward current that was manifest as a parallel shift downward in the instantaneous I-V relationship, as mentioned above (Fig. 5B) . This current was not associated with any appreciable change amined. Figure 7 , A and B, shows the current responses to a family of hyperpolarizing voltage steps from a holding in input conductance, suggesting that the current might be carried by a cation with an equilibrium potential far from potential of 060 mV in the absence and presence of 5-HT.
I h was defined as the difference between the steady-state resting potential. To determine whether Na / is responsible for this current, in the presence of Ba 2/ and Cs / (to block current at the end of the voltage step and instantaneous current, and a composite for all cells examined is plotted as a the barium-sensitive I 5-HT and I h , respectively), the effects of 5-HT on the instantaneous I-V relationship were examined function of voltage in Fig. 7C . It is clear from the I-V relationship for this current that 5-HT enhanced this current. For after substitution of choline chloride for NaCl in the extracellular medium. In five of six cells tested the Ba 2/ -and Cs / -all neurons tested, I h was enhanced by Ç75% after 5-HT (0.6 { 0.1 to 1.0 { 0.1 nA, n Å 6, P°0.0004) when insensitive I 5-HT was substantially reduced or blocked after substitution of choline for Na / (Fig. 6 ). In the presence of measured at 085 mV from holding potentials around rest. Because 5-HT enhances R inp , it is possible that the enhanced choline the mean change in current after 5-HT application from a holding potential of 070 mV was 0.058 { 0.06 nA I h resulted from an improved space clamp after 5-HT application. Although this cannot be entirely excluded, 5-HT also (n Å 6), compared with that observed in normal Ringer solution (00.226 { 0.06 nA, n Å 8). This difference was signifi-increased I h by 41% (n Å 6, P õ 0.01) when measured at cant (P°0.01), indicating that Na / is the main charge 085 mV under Ba 2/ conditions in which the 5-HT-induced carrier for the Ba 2/ -and Cs / -insensitive I 5-HT . increase in R inp was eliminated, suggesting that 5-HT does enhance I h to some extent. relaxations to determine whether the enhancement by 5-HT ted as a function of initial step potential and the subsequent curves were fitted with a Boltzmann function of the form resulted from a change in the gating properties of the channels or an increase in the maximal level of I h . A representa-
tive example is shown in Fig. 7Ab . These experiments were performed in artificial cerebrospinal fluid that contained 10 where V is the prepulse command potential, V 1 / 2max the mM TEA and 3 mM 4-AP to eliminate contamination of potential for half-maximal activation of G h , and k is a the tail currents by activation of additional outward currents slope constant that determines the steepness of activation. (Hsaio and Chandler 1995) . The activation curve was con-Examination of the composite activation curve for six cells structed by applying a family of voltage steps from a holding ( Fig. 7D, ᭺ ) shows that G h activates around 070 mV with potential around 060 mV to various levels to activate G h . a V 1 / 2max of 087.6 { 0.94 mV. Application of 5-HT did The activation voltage steps were then followed by a test not significantly shift the activation curve ( Fig. 7 D, q, pulse to 075 mV to elicit tail current relaxations. The ampli-V 1 / 2max Å 086.4 { 0.90 mV ) , suggesting that the enhancetude of these relaxations is indicative of the level of G h ment of I h by 5-HT was not a result of a shift in the activation for a given prepulse voltage step. The conductance activation properties of the conductance, but rather of an was normalized according to the equation increase in the maximal level of I h activation.
Although 5-HT did not significantly shift the activation curve for I h , there was a reduction in the time constant of where R is the tail current amplitude for a given prepulse step I h activation at any given potential (Fig. 7E) . In seven cells, voltage command, R min is the minimum amplitude inward tail the time constant of I h activation was determined by fitting current in response to stepping from depolarizing potentials the time course of the current activation by a single-exponento the test pulse potential, and R max is the maximum ampli-tial function of the form tude in response to stepping from hyperpolarizing potentials to the test pulse potential. The normalized values were plot- where I t is the current amplitude at time t, I ss is the steady-course of I 5-HT resembles the time course of activation of I h in response to hyperpolarizing voltage steps (compare Fig.  state current at the end of the voltage step, I h is the difference between the membrane current at the end of the voltage step 8Ab with Fig. 7A) . Furthermore, the activation threshold of I 5-HT for this cell was approximately 075 mV (Fig. 8Ac) , and the instantaneous current after the capacitive transient has recovered, and t is the time constant for activation. A which is similar to the mean activation of 070 mV obtained for I h (Fig. 7D ). This current was completely blocked by composite plot of t versus membrane potential for all cells examined shows that the time constant is voltage dependent cesium, as evidenced by the absence of any inward rectification in the steady-state I-V relationship for total membrane over the range examined, decreasing at more negative clamp potentials (Fig. 7E, ᭺) . In the presence of 5-HT, t became current (Fig. 8Ba) and I 5-HT (Fig. 8Bc) , or of development of time-dependent inward current (Fig. 8Bb) after 5-HT more rapid at any given voltage (Fig. 7E, q) . In general, 5-HT reduced t by 36% (n Å 7, P õ 0.01) in normal Ringer application. solution and by 18% (n Å 6, P õ 0.01) in the presence of extracellular Ba 2/ when recorded at 085 mV, suggesting Receptor pharmacology that part of the reduction in t resulted from 5-HT effects on
The effects of various 5-HT agonists and antagonists were the kinetics of I h activation as opposed to improvement in examined to determine the nature of the 5-HT receptor subthe space clamp after 5-HT. type(s) responsible for the 5-HT-induced membrane depoThe component of I Figure 8Aa shows the steady-state I-V relationship for the total membrane current produced by a family and increase in R inp were partially mimicked by the 5-HT 2 agonist DOI. DOI at 10 mM produced a mean depolarization of hyperpolarizing voltage steps from a holding potential of 055 mV before and in the presence of 5-HT, whereas Fig. of (Fig. 7C) to 10.5 { 1.0 MV, n Å 11, P õ 0.002), respectively. How-spiperone, a 5-HT 2A/1A antagonist, was without significant effect on the 5-HT-induced change in R inp and membrane ever, these values were less than that produced by 10 mM 5-HT, suggesting participation of other receptor subtypes. depolarization.
The 5-HT 2 agonists DOI (10 mM) and 5-CT (10 mM) These effects were antagonized by the 5-HT 2 antagonist ketanserin (n Å 1) and the more selective 5-HT 2C antagonist enhanced I h by 47% (0.5 { 0.1 to 0.8 { 0.1 nA, P°0.02, n Å 5) and 64% (0.6 { 0.1 to 0.9 { 0.1 nA, n Å 9, P õ mesulergine (n Å 4, data not shown). The 5-HT 1/2C agonist 5-CT (10 mM) also increased R inp by Ç17% from an initial 0.002), respectively, when measured at 085 mV from holding potentials around rest. In the presence of mesulergine 8.5 MV (n Å 10, P õ 0.004), but, in contrast to DOI, produced a much smaller change in membrane depolariza-the enhancement of I h by 5-HT was antagonized. For all neurons tested (n Å 5), 5-HT enhanced I h by only 6.5 { tion (1.6 { 0.51 mV, n Å 10, P õ 0.01). Mesulergine also significantly antagonized the 5-HT-induced changes in 2.4% from a mean value of 0.9 nA in the presence of mesulergine, compared with 74.8 { 5.2% from a mean value of 0.6 membrane depolarization (7.1 { 0.43 mV, n Å 43 vs. 1.2 { 0.50 mV, n Å 5 in the presence of mesulergine, P°nA in its absence (P°0.002), suggesting an involvement of 5-HT 2C receptors. In contrast, in the presence of spiperone 0.01) and R inp (37.4 { 3.14%, n Å 43 vs. 3.6 { 1.52% increase in the presence of mesulergine, n Å 5, P°0.01), (n Å 4), I h was enhanced by 38.3 { 7.3% by 5-HT, which was not statistically different from the values found for suggesting participation of 5-HT 2C receptors.
In contrast to DOI and 5-CT, other agonists including 5-5-HT alone. HT 1A [8-hydroxy-2-(n-dipropylamino)tetralin (8-OH-DPAT), D I S C U S S I O N n Å 3], 5-HT 1B/1D (n-trifluoromethylphenyl piperazine hydrochloride; n Å 5), and 5-HT 3 (2-methyl-5HT; n Å 3) were Our previous study and those of others showed that direct application of 5-HT to TMNs increased their burst discharge without affect on membrane potential and R inp . Furthermore, J598-6 / 9k13$$ju14 08-05-97 09:37:25 neupa LP-Neurophys and overall excitability for prolonged periods at rest (Kura-1989) . This is unlikely for TMNs, because the instantaneous I-V relationship from resting potential to around 090 mV sawa et al. 1990), during reflex activation (Ribeiro-do-Valle et al. 1991) , or during cortically induced RJMs in cats and showed no evidence of inward rectification. Likewise, we have no evidence that a reduction in an M current, as shown guinea pigs ). The main findings of the present study now provide an ionic basis for the in rat hippocampal neurons (Colino and Halliwell 1987) , contributes to the 5-HT depolarization, because muscarine findings of those studies. In particular, the present study shows that 5-HT produces an increase in membrane excit-had no effect on membrane potential in TMNs (unpublished observations). Although 5-HT did reduce the mAHP followability through a membrane depolarization of slow onset and prolonged time course accompanied by an increase in ing an action potential, it is also unlikely that a Ca 2/ -dependent K / conductance active at rest contributes to I 5-HT , bemembrane resistance. The membrane depolarization is complex in nature and is mediated by some combination of at cause the depolarization was not affected by altering the external Ca 2/ concentration. On the basis of the properties least three mechanisms: 1) a reduction in a resting Ba 2/ -sensitive, voltage-independent K / conductance, 2) an in-of the barium-sensitive I 5-HT , it is likely that part of the 5-HT membrane depolarization results from a reduction in crease in a Ba 2/ -and Cs / -insensitive, steady-state, TTXresistant Na / current, and 3) an enhancement of I h . The a resting, barium-sensitive leakage K / conductance. It is interesting to note that this conductance appears to be a demonstration that three different mechanisms potentially contribute to the 5-HT-induced membrane depolarization is universal convergence point for modulation by various neuromessengers, because in spinal and hypoglossal motoneua unique finding for mammalian motoneurons and is similar to what is observed in hypoglossal motoneurons in response rons as well as other CNS neurons a leak K / conductance with similar properties was suppressed by TRH (Bayliss et to the peptide thyrotropin-releasing hormone (TRH) (Bayliss et al. 1992 
5-HT effects on resting K
/ conductance Larkman and Kelly 1992), among others. Determination of the intracellular signal transduction pathway(s) that medi-5-HT application depolarized TMNs and was accompanied by an increase in R inp , suggesting that a reduction in a ates suppression of this conductance will provide insight into the precise mechanism for this convergence. resting K / conductance in part underlies the 5-HT depolarization. From holding potentials out of the range of I h activa-A Ba 2/ /Cs / -insensitive component of the total inward I 5-HT was demonstrated and would be expected to contribute tion, the instantaneous I 5-HT obtained by subtraction demonstrated a linear I-V relationship throughout most of the volt-to the membrane depolarization. This component of the total I 5-HT was readily observed when the effects of 5-HT on the age range examined and reversed at 086 mV, which was only slightly negative to the predicted E K/ of 082 mV for resting K / conductance were occluded by solutions containing Ba 2/ or Ba 2/ and Cs / (to block any contribution TMNs (see METHODS ). The slightly more negative reversal potential could suggest an action of 5-HT on a part of the from I h ; see below). Under these conditions the instantaneous I-V relationship after 5-HT was shifted downward and neuron electrically remote from the recording site or the presence of additional currents. It is more likely that the parallel to the I-V curve observed before 5-HT. The charge carrier for this barium-insensitive component is most likely total I 5-HT is actually composed of two components: a Ba 2/ -sensitive inward current that results from closure of leakage Na / , because replacement of Na / with choline completely blocked this component. Presently, we cannot rule out a K / channels and a Ba 2/ /Cs / -insensitive inward current with a more positive reversal potential. This is supported by Ca 2/ dependence to this Na / current, as demonstrated in hippocampal neurons in response to muscarinic agonists the observation that the Ba 2/ -sensitive component of the instantaneous I 5-HT was linear throughout the voltage range (Colino and Halliwell 1993), because we did not specifically determine the presence of this current in low-Ca 2/ solutions tested, and reversed at 083 mV, close to the predicted E K/ . Furthermore, Ba 2/ application is known to block leakage or solutions that contained inorganic Ca 2/ channel blockers. The inability to observe a change in the slope conductance K / channels (Jones 1989), and the Ba 2/ -sensitive component of I 5-HT had properties similar to those of I Ba2/ , which and obtain a reversal potential for this component of I could have resulted from activation of a current with a very reversed at 082 mV, consistent with the predicted E K/ .
A 5-HT-induced membrane depolarization has been dem-small change in conductance and with a reversal potential far more depolarized from rest, or from activation of a cononstrated in spinal (Elliott and Wallis 1992; Takahashi and Berger 1990; Wang and Dun 1990; White and Fung 1989 ; ductance on a dendrite that was inadequately space clamped, a possibility that we cannot rule out presently. Unfortunately, Ziskind-Conhaim et al. 1993) , facial Larkman and Kelly 1992; Vandermaelen and our voltage-clamp conditions precluded command depolar- izations to levels sufficient to determine the reversal potential Aghajanian 1982), and neonatal hypoglossal ) motoneurons, among others, and is typically but not of this current.
To our knowledge, a Ba 2/ -and TTX-resistant Na / comalways Takahashi and Berger 1990) associated with a decrease in membrane conductance. In ponent to the total I 5-HT has not been demonstrated in adult mammalian motoneurons, although a current with similar some of those studies the precise K / conductance affected was not determined. However, in other central neurons, such properties was shown to occur in neonatal rat hypoglossal motoneurons in response to 5-HT (Berger et al. 1992) . A as nucleus accumbens, the 5-HT depolarization was previously shown to result from block of a fast barium-sensitive similar current was recently demonstrated in rat hypoglossal motoneurons in response to norepinephrine (Parkis et al. inward rectifier current active at rest (North and Uchimara 1995), and was suggested as a contributor to the TRH-present study, although the kinetics of I h were increased after 5-HT, the depolarization and enhancement of I h were not induced depolarization observed in hypoglossal motoneurons (Bayliss et al. 1992) . Moreover, currents with similar associated with a statistically significant shift in the activation curve (V 1 / 2max shift of 1.2 mV, n Å 6), suggesting that properties have also been found in other types of CNS neurons in response to different neuromessengers (Alreja and 5-HT increased the functional number of active channels at rest, as opposed to changes in channel gating mechanisms. Aghajanian 1994; Colino and Halliwell 1993; Shen and North 1992, among others) . It remains to This is supported by the observation that at potentials between 095 and 0100 mV, where the I h conductance would be determined whether this current contributes to the 5-HT depolarization observed in spinal (Elliott and Wallis 1992 ; be expected to be nearly maximally activated, 5-HT still produced a substantial increase in I h . Similar observations Wang and Dun 1990; Ziskind-Conhaim et al. 1993 ) and facial ; Larkman and Kelly were obtained in hippocampal CA1 neurons in response to muscarinic receptor activation (Colino and Halliwell 1993) 1992) motoneurons. and in nucleus prepositus hypoglossi neurons in response to 5-HT (Bobker and Williams 1989) . Although changes in 5-HT effects on I h voltage gating were not excluded, and likely did contribute to the transmitter effects, it was suggested in those studies On the basis of the present data, I h , previously characterized in TMNs , would only contribute that changes in the functional number of active channels by the neuromessengers could have also contributed to the to the 5-HT depolarization in a small percentage of TMNs at rest. This most likely explains our difficulty, and that of transmitter-induced membrane depolarization. The fact that we found no shift in activation curve for I h , which contrasts others (Larkman et al. 1989) , in obtaining a reversal potential for I 5-HT with the use of current-clamp methods. Further-with the observation in facial motoneurons (Larkman and Kelly 1992) , further emphasizes that caution must be exerted more, it is unlikely that the enhancement of I h by 5-HT resulted entirely from an improvement in the space clamp in generalizing effects of transmitters on different motoneuronal types and, therefore, the need to examine in seemingly because, in the presence of Ba 2/ , which increased R inp , 5-HT still enhanced I h , although to a lesser extent, in the similar motoneuronal types the effects of transmitters on particular intrinsic currents. To resolve some of these differabsence of any further change in R inp .
The evidence to suggest that I h is enhanced by 5-HT and ences, single-channel analyses will be necessary. could contribute to the 5-HT depolarization comes from the following observations: 1) the steady-state I-V plot obtained Receptor subtypes mediating the effects of 5-HT in voltage clamp shows a time-dependent inward rectification that is enhanced after 5-HT application, 2) the voltage Although not extensively examined in the present study, the effects of 5-HT on I h and resting membrane potential and time dependence of steady-state I 5-HT obtained by subtraction are similar to I h , and 3) I h and the inwardly rectifying were most likely mediated by some combination of receptor subtypes. This is consistent with the action of component of the steady-state I 5-HT obtained in Ba 2/ conditions are blocked completely by Cs / , a conventional blocker 5-HT on resting potential and I h recorded in spinal (Elliott and Wallis 1992; Wang and Dun 1990) and facial (Garratt of I h (Halliwell and Adams 1982) . The voltage dependence of I h suggests that in some motoneurons it is partially active et Larkman and Kelly 1992; Rasmussen and Aghajanian 1990) motoneurons. This is not to suggest that all at rest and could contribute modestly to the 5-HT depolarization. Although V 1 / 2max was around 086 mV, I h activated effects of 5-HT on membrane conductances are mediated through 5-HT 2 receptor subtypes. Although not determined around 070 mV, which is close to the mean resting potential of 067 mV in these motoneurons. In other neuron types in the present study, the mAHP following an action potential in hypoglossal motoneurons was shown to be selectively (Bobker and Williams 1989; McCormick and Pape 1990; Nedergaard et al. 1991) , including facial motoneurons (Gar-reduced by 5-HT 1A receptor subtypes .
In the present study, DOI (a 5-HT 2 agonist) (see Hoyer et ratt et al. 1993 ; Larkman and Kelly 1992), 5-HT was shown to enhance I h . Interestingly, in neonatal spinal motoneurons al. 1994 for receptor classification) and 5-CT (a 5-HT 1/2C agonist) mimicked 5-HT effects on membrane potential and (Takahashi and Berger 1990) and nucleus prepositus hypoglossi neurons (Bobker and Williams 1989), 5-HT depolar-R inp , although to a lesser extent, suggesting possible involvement of other receptor subtypes. In contrast, 8-OH-DPAT, ization was accompanied by an increase in membrane conductance and was associated with activation of an inward a 5-HT 1A agonist, was without effect. Similarly, the antagonists ketansarin (5-HT 2 ) and mesulergine (5-HT 2C ) blocked rectifier current with properties similar to I h , suggesting developmental and neuron-specific effects of 5-HT on mem-the 5-HT depolarization and increase in R inp , whereas spiperone, a 5-HT 1A/2A antagonist, was ineffective. This is in conbrane conductances.
In a comparable study on facial motoneurons (Larkman trast to what has been observed in neonatal rat spinal motoneurons recorded in vitro (Takahashi and Berger 1990), and Kelly 1992), enhancement of I h by 5-HT was associated with a mean shift to the right of 3.4 mV for V 1 / 2max (n Å 3) where the 5-HT depolarization was associated with a conductance increase and was blocked by spiperone and mimin the absence of changes in the maximal amplitude of the current, and a decrease in time constant for activation at a icked by 8-OH-DPAT. In that study the depolarization was solely attributed to activation of an inward rectifier current. given membrane potential, suggesting that monoamine effects occurred on the voltage dependence of channel gating. Developmental regulation or species differences could account for these differences, because our data are from mature These effects were suggested as the basis for the monoamine-induced depolarization observed in that study. In the guinea pigs as opposed to 3-to 4-day-old rats. Similarly, the 5-HT enhancement of I h was mimicked by Contrast enhancement was recently proposed for a function of TRH on hypoglossal motoneurons controlling antagonis-DOI and 5-CT and blocked by mesulergine, suggesting 5-HT 2 receptor involvement consistent with that recently tic muscles of the tongue (Bayliss et al. 1992) . demonstrated in facial motoneurons (Garratt et al. 1993) but A reduction in the mAHP following an action potential in contrast to that observed in spinal neonatal motoneurons could partly underlie the increased spike discharge observed (Takahashi and Berger 1990) or nucleus prepositus hypo-in TMNs during iontophoretic application of 5-HT during glossi neurons (Bobker and Williams 1989) recorded in mastication . Because the vitro. In those studies, I h was blocked by the 5-HT 1A antago-mAHP is an important factor controlling TMN discharge nist spiperone and mimicked by 8-OH-DPAT. Interestingly, ), 5-HT-induced alterations of the we found some differences between 5-CT and DOI with mAHP following an action potential would be expected to respect to efficacy of production of membrane depolarization contribute to shaping motoneuron discharge patterns. In most and enhancement of I h : 5-CT was generally more effective neurons tested in the present study, 5-HT reduced the ampliin enhancing I h and less effective in producing membrane tude of the mAHP and increased the slope of the instantadepolarization compared with DOI, suggesting that different neous and steady-state f-I curves. A similar increase in slope 5-HT receptor subtypes are associated with K / channel clo-of the f-I relationship in response to 5-HT was observed in sure and enhancement of I h . A similar proposal has been neonatal hypoglossal and spinal made for the differential effects of 5-HT agonists on K / (Hounsgaard and Kiehn 1989; Wallen et al. 1989 ; White channel closure and enhancement of I h in facial motoneurons and Fung 1989) motoneurons after reduction of the mAHP. (Garratt et al. 1993; Larkman and Kelly 1992) . More selecOn the basis of its voltage dependence for activation, a tive 5-HT agonists and antagonists will be needed to resolve role for I h and its modulation by 5-HT would be expected this issue for TMNs.
to contribute under certain conditions to control of motoneuronal excitability during RJMs, but will vary according to the level of membrane potential during the jaw movement Functional consequences cycle. For I h to modulate spike discharge during RJMs, the The present study demonstrates that 5-HT increases TMN membrane potential would have to traverse the activation excitability through modulation of multiple intrinsic mem-range of I h . This does not occur during prolonged depolarizbrane conductances. Therefore activation of serotonergic ing bursts lasting hundreds of milliseconds within an RJM systems that project to the trigeminal motor nucleus (Li et cycle. However, during the interburst periods in jaw closer al. 1993) would be expected to play a role in shaping the motoneurons, when the membrane potential is hyperpolarfinal discharge patterns of these motoneurons during various ized below resting potential oral-motor behaviors (Fornal et al. 1996; Veasey et al. Goldberg et al. 1982; Gurahian et al. 1989) , and presumably 1995). However, the precise role will vary according to within the range of I h activation, modulation of I h by 5-HT which conductance channels 5-HT effects.
would be expected to contribute to shaping membrane potenAlthough 5-HT depolarized the motoneurons, which will tial trajectory. This would occur by limiting the degree of enhance neuronal excitability by bringing the motoneuron membrane hyperpolarization (thus counterbalancing the incloser to spike threshold, the increase in R inp , through closure direct effects of an increase in R inp on inhibitory synaptic of leakage K / channels, and the modulation of I h could potentials) and increasing the rate of membrane repolarizabe more significant with respect to controlling membrane tion to spike threshold, thus facilitating the onset of the excitability and shaping the final discharge pattern over time. subsequent burst discharge during RJMs. Therefore modulaFor instance, increases in R inp produced by 5-HT would shift tion of this conductance would serve as an additional mechathe input-output relationship of the motoneuron to the left, nism for control of interburst period duration during the RJM thus necessitating less synaptic current to bring the mem-cycle. brane potential to spike threshold and, subsequently, produce
In conclusion, we have shown that 5-HT modulates multihigher-frequency spike trains.
ple intrinsic membrane conductances in TMNs, resulting An increase in R inp by 5-HT will also increase the efficacy in an increase membrane excitability. The conditions under of ongoing synaptic activity by increasing the amplitude of which each of these modulatory mechanisms are operative both depolarizing and hyperpolarizing synaptic potentials. during oral-motor behaviors, and how they are used to fine Recently it was shown that synaptic transmission between tune motoneuronal discharge, await further development of mesencephalic nucleus of V afferents and TMNs is facili-reduced preparations Kogo et al. tated by 5-HT application (Trueblood et al. 1996) , and that 1996) in which membrane conductances can be altered sewas partly attributed to an increase in R inp produced. Simi-lectively and membrane potential trajectories and discharge larly, in the presence of serotonergic activation, facilitation characteristic during particular oral-motor behaviors, such of ongoing synaptic activity in TMNs would be expected to as RJMs, can be examined. occur during RJMs, and might function as a form of contrast enhancement between antagonist motoneuronal groups. Be-
